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p2o5 35 - 40%

Si02 0-15%

Ge02 + Ti02 25 - 50%

in which Ge02 0 < - 50%

and Ti02 0 - < 50%

Zr02 0-10%

M203 (where M is one or two selected from the group consisting of Al and Ga) 0.5-15%

Li20 10-25%

and containing Li, +xMx(Ge 1 .yTiy)2-x(po4)3 (where 0 < X < 0.8 and 0 < Y < 1 .0) as a main crystal phase. There are
provided glass-ceramics having a high lithium ion conductivity which include in mol %
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p2o5 32- 40%

Si02 7- 14%

Ti02 38- 45%

Li20 10- 18%

and containing Li1+xTi2SixP3-xOi2 (where X > 0 ) as a main crystal phase. There are also provided solid electrolyte for

an electric cell and a gas sensor using the lithium ion conductive glass-ceramics, and a solid electric cell and a gas sen-
sor using the glass-ceramics.
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Description

This invention relates to a lithium ion conductive glass-ceramics suitable for use as wholly solid electric cells, gas
sensors and electrochemical devices of various types, and electric cells and gas sensors using such glass-ceramics.

s Recent development in electronics has brought about high-performance electronic devices of a compact and light-
weight design and, as a power source of such electronic devices, development of an electric cell of a high energy den-
sity and a long life is strongly desired for.

Lithium has the highest oxidation-reduction potential of Li/U
+
of all metal elements and has the smallest mass per

1 mol and, therefore, lithium cell can provide a higher energy density than other types of cells. Moreover, if a lithium ion
10 conductive solid electrolyte is used, this electrolyte can be made very thin and, therefore, a cell of a thin film can be

formed and increase in energy density per unit volume can thereby be realized.

A lithium ion cell which has been realized to date uses an organic electrolyte solution as its electrolyte and this
makes it difficult to achieve a cell of a compact design such as a thin film design. This lithium ion cell has additional cfis-
advantages that it has likelihood of leakage of electrolyte solution and likelihood of spontaneous combustion. If this lith-

15 ium ion cell is replaced by a cell employing an inorganic solid electrolyte, a wholly solid cell of a high reliability will be
realized.

Moreover, carbon dioxide gas produced by combustion of fossil fuel is a main cause of a hothouse effect which has
recently become a serious problem and it has become necessary to incessantly watch the concentration of carbon diox-
ide gas. Therefore, establishment of a system for detecting carbon dioxide gas is a matter of increasing importance for

20 the maintenance of a comfortable life in the future human society.

Carbon dioxide gas detection systems which are currently in use are generally of a type utilizing absorption of infra-
red ray. These systems however are large and costly and besides are very susceptible to contamination. For these rea-
sons, studies have recently been actively made to develop a compact carbon dioxide gas sensor using a solid
electrolyte. Particularly, many reports have been made about studies using a lithium ion solid electrolyte.

25 For realizing such gas sensor using solid electrolyte, development of a solid electrolyte which is highly conductive,
chemically stable and sufficiently heat proof is indispensable.

Among known electrolyes, Li3N single crystal (Applied Physics letter, 30(1977) P621-22), UI-U2S-P2S5 (Solid
State Ionics, 5(1981) P663), UI-U2S-SiS4 (J. Solid State Chem. 69 (1987) P252) and Lil-LigS-BgSa (Mat. Res. Bull.,
18(1983) 189) glasses have high conductivity of 10"3S/cm or over. These materials, however, have the disadvantages
that preparation and handling of these materials are difficult and these materials are not sufficiently heat proof. Partic-
ularly, these materials have the fatal disadvantage that decomposition voltage of these materials is so low that, when
they are used for an electrolyte of a solid cell, a sufficiently high terminal voltage cannot be obtained.

An oxide lithium solid electrolyte does not have the above described disadvantages and has a decomposition volt-
age which is higher than 3V and. therefore, it has possibility of usage as a wholly solid lithium cell if it exhibits a high
conductivity at room temperature. It is known in the art that conductivity in an oxide glass can be increased by increas-
ing lithium ion concentration. However, there is limitation in increase in the lithium ion concentration even if rapid
quenching is employed for glass formation and conductivity of this glass at room temperature is below 10

_6
S/cm at the

highest

Japanese Patent Application Laid-open Publication No. Hei-8-23921 8 discloses a gas sensor using a thin film of a
lithium ion conductive glass. The conductivity of this lithium ion conductive glass thin film is between 1.7 x 10"7 and 6.1
x 10*

. This is not a sufficiently high value and a solid electrolyte having a higher conductivity is desired for.
There are many reports about oxide ceramics having high conductivity. For example, Li4Ge04-Li3V04 exhibits con-

ductivity of 4 x 10'5S/cm at room temperature (Mat. Res. Bull. 15 (1980) P1661), U1+xMxTi2.x(P04)3 (M=AI, Ga, Cr
etc.) exhibits conductivity of 7 x 10"4S/cm at room temperature (J. Electrochem. Soc.. 137(1990) P1023) and

45 U*1xAlxGe2.x(P04)3 exhibits conductivity of 3 X 10"4S/cm at room temperature (Proceedings of 8th international meet-
ing on lithium batteries, June 6-21, 1996, Nagoya, Japan, P316-317). Oxide ceramics are superior in conductivity to
oxide glasses but have the disadvantages that they require a complicated and troublesome process for manufacturing
and that they are difficult to form, particularly to a thin film.

In short, the prior art lithium ion solid electrolytes have the problems that they are either low in coductrvity. hard to
so handle, hard to form to a compact design such as a thin film.

It is. therefore, an object of the invention to provide glass-ceramics which have solved these problems and exhibit
a high lithium ion conductivity at room temperature.

It is another object of the invention to provide an lithium cell and a gas sensor of a high performance by utilizing
such glass-ceramics.

55 As described above, ceramics exhibit conductivity of 1
0"4S/cm or over at room temperature. These ceramics, how-

ever, have pores and a large grain boundary which can not be eliminated completely and existence of these pores and
grain boundary results in a decrease in conductivity, rf, therefore, glass-ceramics including the above crystal are pro-
vided, there will be no pores and the grain boundary will be improved and, as a result, a solid electrolyte having a higher
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conductivity is expected to be provided. Besides, glass-ceramics which share a feature of glass can be easily formed
into various shapes including a thin film by utilizing this feature of glass. For these reasons, glass-ceramics are consid-

ered to have practical advantages over ceramics made by sintering.

As a result of studies and experiments made by the inventor of the present invention on the basis of the above
5 described basic concept, the inventor has succeeded in obtaining glass-ceramics having a high lithium ion conductivity

in the order of 10"4S/cm or over at room temperature by producing glasses including ingredients of P205,
Si02 ,

Ge02 .

Ti02 ,
Zr02 ,

M203 (where M is one or two selected from the group consisting of Al and Ga) and Li20 and causing a crys-

tal phase of a conductive crystal Li1+xMxGe 1 .YTiY)2.x(P04)3 (where 0 < X =i 0.8 and 0 ^ Y < 1.0) to grow from the
glasses by heat treating these glasses. The inventor has also found that a lithium cell and a gas sensor using the glass-

10 ceramics exhibit excellent characteristics.

Lithium ion conductive glass-ceramics achieving the above described object of the invention comprise in mol %:

p2o5 35-40%

Si02 0-15%

Ge02 + Ti02 25 - 50%

in which Ge02 0 < - 50%

and Ti02 0-<50%
Zr02 0-10%

M203 (where M is one or two selected from the group consisting of Al and Ga) 0.5-15%

u2o 10-25%

and containing U1+xMx(Ge 1 „YTiY)2.x(p04)3 (where 0 < X =i 0.8 and 0 s Y < 1 .0) as a main crystal phase.
In one aspect of the invention, said glass-ceramics comprise in mol %:

30

P205 35 - 40%

Si02 0-15%

Ge02 + Ti02 25 - 45%

in which Ge02 0<-45%

and Ti02 0 - <45%

Zr02 0-10%

Al203 0.5-15%

Li20 10-25%

and containing Lj1+xAlx(Ge 1 .YTlY)2-x(p04)3 (where 0 < X ^ 0.8 and 0 ^ Y < 1 .0) as a main crystal phase.
45 In another aspect of the invention, said glass-ceramics comprise in mol %:
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p2o5 35 - 40%

Si02 0-15%

Ge02 + Ti02 25 - 45%

in which Ge02 0<-45%

and Ti02 0-<45%

Zr02 0- 10%

Ga203 0.5-15%

u2o 10-25%

and containing U1+xGax(Ge1.YTiY)2.x(P04)3 (where 0 < X =i 0.8 and 0 =i Y < 1.0) as a main crystal phase.
The inventor of the present invention has further succeeded in obtaining glass-ceramics having a high lithium ion

conductivity in the order of 10"4 or over at room temperature by producing glasses including ingredients of P205> Si02 ,

Ti02 and Li20 and causing a crystal phase of a conductive crystal U'i+xTi2SixP3-x012 to grow from the glasses by heat
treating these glasses. The inventor has found that a lithium cell and a gas sensor using these glass-ceramics exhibit
excellent characteristics.

Therefore, in another aspect of the invention, there are provided lithium ion conductive glass-ceramics comprising
in mol %:

p2o5 32- 40%

Si02 7- 14%

Ti02 38- 45%

Li20 10- 18%

and containing Lii+xTi2SixP3-x012 (where X > 0 ) as a main crystal phase.
According to the invention, there are provided lithium ion conductive glass-ceramics which exhibit a very high lith-

ium ion conductivity in the order of 10
-4
S/cm or over at room temperature. In addition to having the high conductivity,

the glass-ceramics made according to the invention have such an excellent formability that they can be easily formed
into various shapes including a thin film, and they are thermally and chemically stabel so that they are suitable for use
as electrolytes of wholly solid cells, sensors and other various electrochemical devices.

In another aspect of the invention, there is provided a solid electrolyte for an electric cell characterized in that one
of the above described lithium ion conductive glass-ceramics is used as said solid electrolyte.

In another aspect of the invention, there is provided a solid electric cell characterized in that one of the above
described lithium ion conductive glass-ceramics is used as a solid electrolyte.

In another aspect of the invention, there is provided a solid electrolyte for a gas sensor characterized in that one of
the above described lithium ion conductive glass-ceramics is used as said electrolyte.

In still another aspect of the invention, there is provided a gas sensor characterized in that one of the above
described lithium ion conductive glass-ceramics is used as a solid electrolyte.

In the description to follow, the compositions of the glass-ceramics made according to the invention are expressed
on the basis of compositions of oxides as in their base glasses. Reasons for selecting the above described content
ranges of the respective ingredients of the respective systems and methods for manufacturing these glass-ceramics of
the respective systems will now be described.

1. The glass-ceramics of the U^xhAx(Ge^yTiy)2.x(POd3 crystal phase

In the case of the glass-ceramics according to the invention having the U1+xMx(Gei-YTiY)2-x(p04)3 (where 0 < X
^ 0.8 and 0 s Y < 1.0) crystal phase, the above described composition ranges have been selected because, within
these composition ranges, dense glass-ceramics containing this crystal phase as a main crystal phase and exhibiting
a high lithium ion conductivity at room temperature which was never attained in the prior art ceramics were obtained by
heat treating base glasses of the same composition ranges. It has been found that the same crystal phase can be pre-

4
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cipitated also in a composition range outside of the above described composition ranges but the ratio of this crystal is

so low that lithium ion conductivity of this glass-ceramic is not sufficiently high for a practical use.

In the above described ingredients, the M203 ingredient (M is one or two selected from the group consisting of Al

and Ga) is of a particular importance for improving the melting property and thermal stability of the glass. By the addi-

tion of 0.5 - 15% of the M2O3 ingredient (M = Al. Ga), the melting property and thermal stability of the glass produced
are improved remarkably and, surprisingly, the glass-ceramics obtained by heat treating this glass exhibit a high con-
ductivity in the order of 10"4S/cm or over in a broad composition range. If the M203 ingredient is below 0.5%, glassif i-

cation is possible but the melting property and thermal stability of the glass are insufficient whereas if the amount of this

ingredient exceeds 15%, the melting property also is deteriorated and the conductivity of glass-ceramics obtained after

heat treatment drops significantly to the order of lO^S/cm or below. A preferable content range of the M203 ingredient

is 1 - 14% and a more preferable content range of this ingredient is 3 - 12%.
The Ge02 ingredient is indispensable for forming glass and constituting the conductive crystal phase. As the

amount of Ge02 increases, it becomes easier to form the glass. If the amount of this ingredient is below 25%. its effect

is insufficient for obtaining the desired property whereas if the amount of this ingredient exceeds 50%, precipitation of

the conductive crystal phase becomes difficult. Ge02 can be replaced by 7102 up to the replacement ratio of nearly

100%. By the replacement the lithium ion conductivity improves. On the basis of these factors, the amount of Ge02
must be 0 < - 50% and the amount of Ti02 must be 0 - <50% and the amount of Ge02 + Ti02 must be 25 - 50%. Pref-

erable content ragnes are Ge02 = 0 < - 45%, Ti02 = 0 - <45% and Ge02 + Ti02 = 25 - 45%. More preferable content
ranges are Ge02 = 0 < - 40%, Ti02 = 0 - <40% and Ge02 + Ti02 = 28 - 40%.

The Si02 ingredient improves thermal stability of the base glass and contributes to solid solution of Si*
4 ion to the

crystal phase and also to improvement of the lithium ion conductivity. If, however, the amount of this ingredient exceeds
15%, the conductivity decreases rather than increases and therefore the amount of this ingredient should not exceed
15%. A preferable content range of this ingredient is 13% or below and a more preferable content range is 10% or

below.

The 2r02 ingredient is effective for enhancing precipitation of the crystal phase. If, however, the amount of this

ingredient exceeds 10%, resistivity of the base glass to devitrification drops significantly and production of a homoge-
neous base glass becomes difficult and, besides, the conductivity drops sharply. Therefore, the amount of this ingredi-

ent should not exceed 10%. A preferable content range of this ingredient is 8% or below and a more preferable content
range is 5% or below.

Al or Ga in the composition may partially be replaced by one or more of trivalent metals such as B, In, Sc, Fe and
Cr or by one or more of divalent metals such as Mg, Ca. Sr. Ba and Zn. The amount of the ingredient replaced should
however not exceed 10 mol%. If the amount of the ingredient replaced exceeds it, it becomes difficult to prepare the
base glass or the conductivity of the glass-ceramic drops significantly.

For improving the melting property of the glass further, other ingredient such as As203 . Sb203 .
Ta203 , CdO or PbO

may be added. The amount of such ingredient however should not exceed 3%. If the addition of the ingredient exceeds
3%, the conductivity decreases with the amount of addition.

A method for manufacturing the lithium ion conductive glass-ceramics of this crystal phase will now be described.
Starting materials are weighed at a predetermined ratio and mixed uniformly and the mixed materials are thereafter

put in a platinum crucible and heated and melted in an electric furnace. First, gas components coming from the raw
materials are evaporated at 700 °C and then the temperature is raised to 1300 °C to 1450 °C and the materials are
melted at this temperature for about one to two hours. Then, the melt is cast onto a stainless steel plate to form sheet
glass. The resultant glass is subjected to heat treatment within the temperature range from 600 °C to 1000 °C for twelve
to twenty-four hours and lithium ion conductive glass-ceramics containing IJi +xMx(G©iVnv)2-x(p°4)3 and exhibiting a
high lithium ion conductivity thereby is provided.

2. The glass-ceramics of the Li1+xTi2SixP3-x012 (where X > 0) crystal phase

In the Bulletin of the Chemical Society of Japan (1978) P2559, it is reported that the composition constituting the
LiTi2P3012 crystal phase is not glassified. It is reported that the four-ingredient system Li20-Ti02-Si02-P205 can be
glassified but its range in detail is not reported yet. Neither is there a report about glass-ceramics made from these com-
positions for the purpose of providing a high lithium ion conductivity.

As a result of studying the glass forming ability of the Li20-Ti02-Si02-P205 , it has been found that glassification is

possible within the specific composition range of P205 = 32 - 40%. Si02 = 7 - 14%. Ti02 = 38 - 45%. and Li20 = 10 -

18% (in mol%) and that glass-ceramics which precipitate, as a result of heat treatment of the base glass within this com-
position range, the Lii+x"n2s»xp3-x°i2 (x > 0) crystal phase surprisingly has a lithium ion conductivity which is signifi-

cantly higher than the glass-ceramics which have been reported to date. Further, an electric cell which uses these
glass-ceramics exhibits discharge current density which is higher than the prior art cells. Likewise, a gas sensor which
uses these glass-ceramics exhibits a better sensitivity than the prior art gas sensors.
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There is a glassifying region other than the above described compositiion range but glass-ceramics of the compo-
sitions in this region produced after heat treatment do not exhibit a high conductivity. For example, in case the amount
of Li20 ingredient exceeds 30 mol%, glass can be produced easily but. after heat treatment, a large amount of a non-
conductive crystal phase has been precipitated in addition to the U1+xT\2S\xP^yp12 (X > 0) crystal phase and as a
result, the conductivity drops to a value below 10'7S/cm. On the basis of results of these experiments, the composition
range of the glass-ceramics of the invention has been determined as described above.

A preferable composition range is one consisting of P205 = 35 - 40%. Si02 = 8-13%. Ti02 = 40 - 45% and Li20 =
10 - 15% (in mol%). A more preferable composition range is one consisting of P205 = 35 - 38% SiOo = 8 - 12% TiOo
= 40 - 45% and Li20 = 10 - 14% (in mol%). ^ 2

Ti may partially be replaced by one or more of quadrivalent metals such as Zr, Hf. Ge and Sn or one or more of
tnvalent metals such as B. In. Sc, Fe and Cr or one or more of divalent metals such as Mg and Zn. The amount of the
ingredient replaced however should not exceed 5 mol%. If the amount of the ingredient replaced exceeds 5 mof% it

becomes difficult to produce the base glass or the conductivity drops sharply.
For improving the melting property of the glass further, other ingredient such as As^. SbgOa. Ta203 . CdO or PbO

may be added. The amount of such ingredient however should not exceed 3 mol%. If the addition of the ingredient
exceeds 3 mol%. the conductivity decreases with the amount of addition.

A method for manufacturing the lithium ion conductive glass-ceramics of this crystal phase will now be described
Starting materials are weighed at a predetermined ratio and mixed uniformly and the mixed materials are thereafter

put in a platinum crucible and heated and melted in an electric furnace. First, gas components coming from the raw
20 materials are evaporated at 700 °C and then the temperature is raised to 1450 °C to 1500 °C and the materials are

melted at this temperature for about one to two hours. Then, the melt is cast onto a stainless steel plate to form sheet
glass. The resultant glass is subjected to heat treatment within the temperature range from 900 °C to 1 1 00 °C for about
fifteen hours by using the one stage heat treatment method and lithium ion conductive glass-ceramics containing
^i+x^SixPs-xO^ as a main crystal phase and exhibiting a high lithium ion conductivity thereby is provided.

25 In the accompanying drawings.

Fig. 1 is a graph showing an X-ray diffraction pattern of Example 1

;

Fig. 2 is a sectional view of an example of a lithium cell using a lithium ion concuctive solid electrolyte of Example 4*
Fig. 3 is a sectional view showing an example of a gas sensor using a lithium ion conductive solid electrolyte of

30 Example 4;
7

Fig. 4 is a graph showing an effective discharge characteristic of the cell shown in Fig. 2; and
Fig. 5 is a graph showing an electromotive force characteristic by a carbonate gas partial pressure at room terrper-
ature of the gas sensor shown in Fig. 3.

Fig. 6 is a graph showing an X-ray diffraction pattern of Example 13;
35 Fig. 7 is a graph showing an effective discharge characteristic of the cell using the glass-ceramic of Example 14;

and
Fig. 8 is a graph showing an electromotive force characteristic by a carbonate gas partial pressure at room terrper-
ature of the gas sensor using the glass-ceramic of Example 1 4.

40 Examples

Examples of the glass-ceramics made according to the invention will now be described. It should be noted that
these examples are illustrative only and the scope of the invention in no way is restricted by these examples.

45 1
.
Examples of the glass-ceramics of the LiuxMx(Ge 1 .xTiY)2.x(P04)3 crystal phase

Example 1

As starting materials. NH4H2P04 ,
Ge02 . AJ(OH)3 and Li2C03 were used. These starting materials were weighed

so to constitute a composition of 37.5% P2Os . 35.0% Ge02 . 7.5% Al203 and 20.0% Li20 in mol %. The materials were
mixed uniformly and then put in a platinum crucible and heated and melted in an electric furnace. First. C02 NH3 andH20 coming from the raw materials were evaporated at 700 °C. Then the temperature was raised to 1300 °C and the
materials were melted by heating them at this temperature for 1.5 hour. Thereafter, the melt was cast onto a stainless
steel plate to form a uniform sheet glass. The glass was annealed at 520 °C for two hours for removing thermal stress

55 of the glass.

The glass thus produced was cut into specimens each having the size of 20 x 20 mm. The specimens of glass were
polished on both surfaces and subjected to heat treatment at 750 °C for twelve hours and. as a result, a dense glass-
ceramic was produced. The crystal phase which precipitated in the specimens was determined by the powder X-ray dif-

6
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fraction method. As a result. It was found that the precipitated crystal phase was Lii+x^xGe^xtPO^. An X-ray diffrac-

tion pattern of this glass-ceramic is shown in Fig. 1. This glass-ceramic exhibited a high conductivity of 4.0 X 10"4S/cm
at room temperature.

5 Example 2

As starting materials, NH4H2PO4. Ge02 ,
Ga203 and Li2C03 were used. These starting materials were weighed to

constitute a composition of 37.5% P205 . 40.0% Ge02 . 5.0% Ga203 and 17.5% Li20 in mol %. The materials were
mixed uniformly and then put in a platinum crucible and heated and melted in an electric furnace. First, C02 ,

NH3 and
10 H20 coming from the raw materials were evaporated at 700 °C. Then the temperature was raised to 1300 °C and the

materials were melted by heating them at this temperature for 1 .5 hour. Thereafter, the melt was cast onto a preheated
stainless steel plate to form a uniform sheet glass. The glass was annealed at 510 °C for two hours for removing thermal
stress of the glass.

The glass thus produced was cut into specimens each having the size of 20 x 20 mm. The specimens of glass were
15 polished on both surfaces and subjected to heat treatment at 800 °C for twelve hours and, as a result, a dense glass-

ceramic was produced. The crystal phase which precipitated in the specimens was determined by the powder X-ray dif-

fraction method. As a result, it was found that the precipitated crystal phase was U1+xGa>(Ge2_x(P04)3 . This glass-
ceramic exhibited a high conductivity of 2.0 X 10"4S/cm at room temperature.

20 Example 3

As starting materials. NH4H2P04 . Ge02 ,
Ti02 ,

Al203 and Li2C03 were used. These starting materials were
weighed to constitute a composition of 37.5% P2Os , 30.0% Ge02 , 10% Ti02l 5.0% Al203 and 17.5% Li20 in mol %.
The materials were mixed uniformly and then put in a platinum crucible and heated and melted in an electric furnace.

25 First, C02 ,
NH3 and H20 coming from the raw materials were evaporated at 700 °C. Then the temperature was raised

to 1400 °C and the materials were melted by heating them at this temperature for 1 .5 hour. Thereafter, the melt was
cast onto a preheated stainless steel plate to form a uniform sheet glass. The glass was annealed at 540 °C for two
hours for removing thermal stress of the glass.

The glass thus produced was cut into specimens each having the size of 20 x 20 mm. The specimens of glass were
30 polished on both surfaces and subjected to heat treatment at 850 °C for twelve hours and, as a result, a dense glass-

ceramic was produced. The crystal phase which precipitated in the specimens was determined by the powder X-ray dif-

fraction method. As a result, it was found that the precipitated crystal phase was U1+xAlx(Ge2_YTiY)2-X(P04)3 . This
glass-ceramic exhibited a high conductivity of 2.0 X 10'4S/cm at room temperature.

35 Examples 4 to 10

Specimens of Examples 4 to 10 were prepared by employing a method similar to the one employed in preparing
the glass-ceramic of Example 2. Compositions and conductivity at room temperature of the respective Examples are
shown in the following Tables 1 and 2.

40 The conductivity of the glass-ceramics was measured within a range from 10"2 - 3 x 10+7 Hz by the ac impedance.
Resistance of the specimens (sum of grain resistance and grain boundary resistance) was determined from the Cole-
Cole Plot and the conductivity was calculated by the equation a = (t/A)(l/R) (where a is conductivity, t is thickness of
the specimen, A is electrode area and R is resistance of the specimen).

45
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Table 1

Example No. 1 2 3 4 5
"
2L>5 (mOl%) 37.5 37.5 37.5 37.5 37.5

oiw2 (mol%)

GeOo fmol%^ An n*HJ.U nou.u o/.o 4U.0

Ti02 (mol%) 10.0

Zr02 (mol%)

AI203 (mol%) 7.5 5.0 4.5 5.0

Ga203 (mol%) 5.0 2.0

Li20 (mol%) 20.0 17.5 17.5 18.5 17.5

Conductivity (x 10"4S/cm) 4.0 2.0 3.5 1.5 3.0

Table 2

Example No. 6 7 8 9 10

P205 (mol%) 39.0 39.0 39.0 33.0 33.0

Si02 (mol%) 5.0 8.0

Ge02 (mol%) 37.5 33.0 35.5 37.5 11.0

Ti02 (mol%) 30.0

Zr02 (mol%) 2.0

Al203 (mol%) 11.0 6.0 4.5 5.0

Ga203 (mol%) 9.0 4.0

Li20 (mol%) 14.5 17.0 15.5 18.0 14.0

Conductivity (x 10"4S/cm) 1.2 2.0 1.5 2.5 5.0

40 Example 1

1

As a typical example of a lithium electric cell, an example of flat type cell using the lithium ion conductive glass-
ceramic of Example 4 as a solid electrolyte is shown in the sectional view of Fig. 2. The cell is composed of a negative
electrode container 6, a negative electrode collector 4 constructed of a conductive thin film or a thin film made of alumi-

45 num or stainless steel, a negative electrode 2, a lithim ion conductive glass-ceramic layer 1, a positive electrode 3, a
positive electrode collector 5 constructed of a conductive thin film or a thin film made of aluminum or stainless steel! a
positive electrode container 7 and an insulating filler 8 made of an insulating material such as polypropylene. The pos-
itive and negative electrodes 2 and 3 are received in the case formed by the positive and negative electrode containers
6 and 7 in such a manner that these electrodes 2 and 3 oppose each other through the lithim ion conductive glass-

so ceramic layer 1. The positive electrode 3 is connected to the positive electrode container 7 through the positive elec-
trode collector 5 and the negative electrode 2 is connected to the negative electrode container 6 through the negative
electrode collector 4. Chemical energy produced in the cell can be collected as electric energy from terminals of the
negative electrode container 6 and the positive electrode container 7.

In constructing the cell made according to the invention, various other materials which are conventionally used for
55 forming a cell can be used except for the solid electrolyte portion.

The lithium ion conductive glass-ceramic layer must be sufficiently thin, i.e., 1 mm or less and preferably 0.5 mm or
less. Many reports and proposals have been made about the material of the positive electrode 3 and it is typically made
of LiCo02 or Li1+xV308 . Likewise, reports and proposals have been made about the material of the negative electrode

8
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2 and it is typically made of Li4Ti50 1 2 or carbon.

As to the positive and negative electrodes 2 and 3 formed on the opposite surfaces of the lithium ion conductive

glass-ceramic layer 1 and the collectors 4 and 5 formed in the negative and positive electrodes 2 and 3, these compo-
nent parts may be preformed respectively and stacked one after another to a composite cell. Alternatively, the positive

and negative electrodes 2 and 3 and the collectors 4 and 5 may be formed sequentially by any of suitable known meth-
ods including ion spattering, CVD, screen printing, coating, sol-gel method, ion plating, ion beam evaporation and elec-

tron beam evaporation.

As a comparative example, a cell is composed in the same manner as in the above example except that the solid

electrolyte is formed by mixing 1 .7 mol of titanium oxide. 0.7 mol of lithium carbonate. 3.0 mol of ammonium phosphate
and 0.2 mol of aluminum oxide in an agate mortar, press-forming the mixture to pellets and sintering the pellets at 900
C for two hours, crushing the sintered pellets again in an agate mortar, press-forming the crushed material which has
passed a shieve of 400 mesh to pellets again, sintering the pellets at 1 000 °C for two hours and processing the sintered

pellets to a thin plate.

Effective discharge characteristics of the cell of Fig. 2 and the cell of the comparative example are shown in Fig. 4.

Example 12

As a typical example of a gas sensor, an example of a carbon dioxide gas sensor using the lithium ion conductive
glass-ceramic of Example 4 as a solid electrolyte is shown in section in Fig. 3. The upper and lower surfaces of a lithium

ion conductive glass-ceramic layer 1 1 are polished to provide the layer 1 1 having a thickness of 1 mm to 2 mm, prefer-

ably 1 mm or below and more preferably 0.5 mm or below. On one of the surfaces of the layer 1 1 (the upper surface in

the illustrated example) is formed, by ion spattering, a layer of metal carbonate, preferably lithium carbonate or a mix-
ture of lithium carbonate and other carbonate. A platinum mesh 10 to which a lead 14 is connected is disposed on the

surface of this metal carbonate layer to form an electrode. Then, a layer 9 of metal carbonate is formed on the upper
surface of the electrode 10 to fix the electrode 10. On the other surface (the lower surface in the illustrated example) of

the lithium ion conductive layer 1 1 is formed, by evaporation, a platinum thin film to form an electrode 12 and a lead 13
is connected to the electrode 12. According to this sensor, an electromotive force corresponding to the concentration of

carbon dioxide gas is produced between the two electrodes due to dissociation equilibrium of the carbonate by the car-

bon dioxide gas in a mixture gas including the carbon dioxide gas and, therefore, the concentration of the carbon diox-

ide gas can be detected by measuring this electromotive force.

Forming of the carbonate layer and the electrode layers is not limited to the above method but these layers may be
formed by other known methods including CVD, screen printing, sol-gel method, ion plating, ion beam evaporation,

MBE, vacuum evaporation and electron beam evaporation.

The electromotive force characteristic by a carbonate gas partial pressure at room temperature of this glass-

ceramic is shown in Fig. 5.

2. Examples of the glass-ceramics of the Li1+xTi2SixP3-xOi2 crystal phase

Example 13

As starting materials. NH4H2P04l Si02 .
Ti02 .

AI(OH)3 and Li2C03 were used. These starting materials were
weighed to constitute a composition of 37.1% P205 , 9.5% Si02 , 40.6% Ti02 and 12.8% Li20 in mol %. The materials
were mixed uniformly and then put in a platinum crucible and heated and melted in an electric furnace. First, C02 ,

NH3
and H20 coming from the raw materials were evaporated at 700 °C. Then the temperature was raised to 1450 °C and
the materials were melted by heating them at this temperature for 1 .5 hour. Thereafter, the melt was cast onto a pre-

heated stainless steel plate to form a uniform sheet glass. The glass was annealed at 550 °C for two hours for removing
thermal stress of the glass.

The glass thus produced was subjected to heat treatment at 1000 °C for fifteen hours and, as a result, a desired
glass-ceramic was produced. The crystal phase which precipitated in the specimens was determined by the powder X-
ray diffraction method. As a result, it was found that the precipitated crystal phase was Li1+xTi2SixP3-x012 . An X-ray
diffraction pattern of this glass-ceramic is shown in Fig. 6. This glass-ceramic exhibited a high conductivity of 2.0 X 10"
4S/cm at room temperature.

Examples 14 to 17

Glass-ceramics of Examples 14 to 1 7 were prepared by employing the same method as the one employed in pre-
paring the glass-ceramic of Example 13. The compositions and conductivity at room temperature of Examples 13 to 17
are shown in Table 3.

9
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The conductivity of these Examples were measured by the same method as the one employed in Examples 1 to 10.

Table 3

Example No. 13 14 15 16 17

Li20 (mol%) 12.8 12.8 14.8 14.8 10.8

Ti02 (mol%) 42.6 40.6 40.6 40.6 42.6

Si02 (mol%) 9.5 9.5 7.5 9.5 11.5

P205 (mol%) 35.1 37.1 37.1 35.1 35.1

Conductivity (X 10"4S/cm) 2.0 1.0 6.0 5.0 5.1

is Example 18

A lithium cell was produced by using the glass-ceramic of Example 14 as its solid electrolyte and using a cell struc-
ture which is the same as the cell structure of Example 1 1 . Effective discharge characteristics of this cell and the cell of
the comparative example which is the same as the comparative example employed in Example 1 1 are shown in Fig. 7.

20

Example 19

A gas sensor was produced by using the glass-ceramic of Example 14 as its solid electrolyte and using the same
gas sensor structure as the one used in Example 1 2. Electromotive force characteristic by a carbonate gas partial pres-

25 sure at room temperature of this gas sensor is shown in Fig. 8.

Claims

1 . Lithium ion conductive glass-ceramics comprising in mol %:
30

p2o5 35 - 40%
Si02 0-15%
Ge02 + Ti02 25 - 50%
in which Ge02 0 < - 50%
and Ti02 0-<50%
Zr02 0-10%
M203 (where M is one or two selected from the group consisting of Al and Ga) 0.5-15%

u2o 10-25%

45 and containing U1+xMx(Ge 1 .YTiY)2-x(p°4)3 (where 0 < X ^ 0.8 and 0 =i Y < 1 .0) as a main crystal phase.

2. Glass-ceramics as defined in claim 1 wherein said glass-ceramics comprise in mol %:

50

55

10
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p2o5 35 - 40%

Si02 0-15%

Ge02 + Ti02 25 - 45%

in which Ge02 0<-45%

and Ti02 0-<45%

Zr02 0-10%

AI203 0.5-15%

u2o 10-25%

15

and containing tiuxMx{Ge A _yT\y)2_x(P04)3 (where 0 < X ^ 0.8 and 0 ^ Y < 1 .0) as a main crystal phase.

3. Glass-ceramics as defined in claim 1 wherein said glass-ceramics comprise in mol %:

20

25

p2o5 35 - 40%

Si02 0-15%

Ge02 + Ti02 25-45%

in which Ge02 0<-45%

and Ti02 0-<45%

Zr02 0-10%

Ga203 0.5-15%

u2o 10-25%

and containing U1+xGax(Ge1 .yTiY)2.x(P04)3 (where 0 < X =i 0.8 and 0 =i Y < 1.0) as a main crystal phase.
35

4. Lithium ion conductive glass-ceramics comprising in mol %:

p205 32- 40%

Si02 7- 14%

Ti02 38- 45%

Li20 10- 18%

45

and containing Li 1+xn2SixP3.>A 2 (wn©re X > 0 ) as a main crystal phase.

5. A solid electrolyte for an electric cell characterized in that a lithium ion conductive glass-ceramic as defined in any
of claims 1 - 4 is used as said solid electrolyte.

50

6. A solid electric cell characterized in that a lithium ion conductive glass-ceramic as defined in any of claims 1 - 4 is

used as a solid electrolyte.

7. A solid electrolyte for a gas sensor characterized in that a lithium ion conductive glass-ceramic as defined in any of
55 claims 1 - 4 is used as said electrolyte.

8. A gas sensor characterized in that a lithium ion conductive glass-ceramic as defined in any of claims 1 - 4 is used
as a solid electrolyte.

11
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[57] ABSTRACT
A battery structure including a cathode, a lithium metal
anode and an electrolyte disposed between the lithium
anode and the cathode utilizes a thin-film layer of lith-

ium phosphorus oxynitride overlying so as to coat the
lithium anode and thereby separate the lithium anode
from the electrolyte. If desired, a preliminary layer of
lithium nitride may be coated upon the lithium anode
before the lithium phosphorous oxynitride is, in turn,
coated upon the lithium anode so that the separation of
the anode and the electrolyte is further enhanced. By
coating the lithium anode with this material lay-up, the
life of the battery is lengthened and the performance of
the battery is enhanced.

15 Claims, 1 Drawing Sheet

5314765A1_L>





o
5,314,765

PROTECTIVE LITHIUM ION CONDUCTING
CERAMIC COATING FOR LITHIUM METAL

ANODES AND ASSOCIATE METHOD
5

BACKGROUND OF THE INVENTION
This invention relates generally to batteries, and re-

lates more particularly, to the structure and methods of
construction of rechargeable lithium batteries.

1Q
Heretofore, the life and performance of lithium bat-

teries have been limited by two major factors. The first

of such factors relates to the occurrence of a chemical
reaction between the liquid organic or polymer electro-

lyte and the lithium anode so that a resistive film barrier 15
forms upon the anode. This film barrier increases the
internal resistance of the battery and lowers the amount
of current capable of being supplied by the battery at

the rated voltage.

The second of such factors relates to the undesirable 20
consequences which can result from repeated cycling of
the battery. More specifically, battery cycling is at least

partly responsible for the dendritic growth of Li on the
anode and the formation of a passivating powder-like
substance commonly referred to as "dead" lithium at 25

the surface of the lithium anode, either of which can
adversely affect the efficiency of the battery. In addi-

tion to reducing efficiency, the Li dendrites may grow
large enough to touch the cathode through the electro-

lyte and thereby short the battery. 30

It is an object of the present invention to provide a

new and improved lithium battery structure which
circumvents the aforedescribed limitations and an asso-

ciated method of making the battery.

Another object of the present invention is to provide 35

such a battery having a structure which reduces the

likelihood of the occurrence of an undesirable chemical
reaction between the electrolyte and the lithium anode
of the battery.*

Still another object of the present invention is to

provide such a battery having a structure which pre-

vents the formation of Li dendrites or passivating

"dead" lithium at the anode surface.

SUMMARY OF THE INVENTION

40

45

This invention resides in a battery having a cathode,
a lithium anode, and an electrolyte disposed between
the cathode and anode, and a method of making the

battery.
50

The battery of the invention includes a layer of lith-

ium phosphorus oxynitride overlying so as to coat the

lithium anode so that the lithium anode is separated

from the electrolyte by the lithium phosphorus oxyni-

tride layer. The method of the invention includes, dur- 55
ing a battery-making process, a step of depositing a film

of lithium phosphorus oxynitride over the lithium anode
prior to the positioning of the electrolyte material adja-

cent the anode so that in the resultant battery, the lith-

ium phosphorous oxynitride is interposed between the 60
lithium anode and the electrolyte.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic cross-sectional view of one

embodiment of a battery' within which features of the 65

present invention are incorporated.

FIG. 2 is a view similar to that of FIG. 1 of another

embodiment of a battery.

DETAILED DESCRIPTION OF AN
ILLUSTRATIVE EMBODIMENT

Turning now to the drawings in greater detail, there
is shown in FIG. 1 a schematic representation of a re-

chargeable lithium battery, generally indicated 20,

within which features of the present invention are em-
ployed. The battery 20 includes a lithium anode 22, a
cathode 24 and an electrolyte 26 disposed between the
anode 22 and cathode 24. As will be described herein,

the anode 22 is prevented from directly contacting the
electrolyte 26 by means of a protective film 28 overly-

ing so as to coat the anode 22.

The present invention is envisioned as being well-
suited to rechargeable lithium batteries in which den-
drite formation and/or reaction of the electrolyte with
the lithium anode can degrade the battery performance.
However, the principles of the present invention can be
variously applied.

The components of the battery 20 may each be fabri-

cated and/or assembled by any ofa number ofconstruc-
tion techniques. In the interests of the present invention,

the lithium anode 22 may take the form of a relatively

thick foil or sheet of lithium metal. The cathode 24 can
be comprised of V2O5, V3O8, V6Oi3, LiCoO* LiMn-
2O4, TiS2 or any of a number of other lithium intercala-

tion compounds either as a single phase or mixed with a
polymer electrolyte and/or graphite or other electronic

conductor. The electrolyte layer 26, on the other hand,
can be comprised of a solid organic polymer containing
an inorganic lithium salt or an organic liquid containing
a dissolved lithium salt.

In the depicted FIG. 1 embodiment 20, the protective

film 28 is comprised entirely of a layer of lithium phos-
phorus oxynitride, a material developed by the assignee

of the present invention. This material is a solid ceramic
material capable of conducting lithium ions there-

through. During the formation of the battery 20, the
protective thin film 28 can be deposited upon the anode
22 by either rf magnetron sputtering of Li3P04 in the

presence of pure nitrogen (N2) or by rapid electron

beam evaporation of Li3P04in the presence ofpure N2.
Each of these types of deposition processes, i.e. the

magnetron sputtering and the electron beam evapora-
tion, are well known so that a more detailed description
is not believed to be necessary. A film 28 having a thick-

ness of between 0.1 and 0.5 jim provides satisfactory

protection of the lithium anode.

With reference to FIG. 2, there is schematically illus-

trated another battery embodiment, generally indicated

40, within which features of the present invention are
embodied. The battery 40 includes a lithium anode 42, a

cathode 44 and an electrolyte 46 disposed between the
anode 42 and cathode 44. As is the case with the battery
20 of FIG. 1, the anode 22 is prevented from directly

contacting the electrolyte 46 by means of a protective
film 48 overlying so as to coat the anode 42.

The protective film 48 of the FIG. 2 battery 40 in-

cludes two layers 50, 52 superposed upon the lithium
anode 42. The first layer 50 of these layers, i.e. the layer
which directly contacts the anode surface, is comprised
of a solid film of lithium nitride (Li3N), while the sec-

ond layer 52 of these layers is comprised of a solid film

of the aforementioned lithium phosphorus oxynitride.

During a battery-making operation, the first layer 50 of
Li:,N is formed over the lithium metal anode by either

controlled exposure of the anode to N2 at temperatures

3NSDOCID: <US. .5314765A1_I_>
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from about 30* to 100* C, electron beam evaporation of 2. The improvement as defined in claim 1 wherein the
LijN, or by magnetron sputtering of LijN in N2 . thickness of the layer of lithium phosphorus oxynitride
A purpose served by the formation of the L13N layer of the protective film is between about 0. 1 and 0.5 u-m.

50 is that the layer 50 coats the surface of the lithium 3- The improvement as defined in claim 1 wherein the
anode 42 in a manner which reduces the likelihood of 5 protective film further includes a layer of lithium nitride

(undesirable) oxidation of the lithium metal ofthe anode (LijN) disposed between the surface of the lithium

42 during fabrication of the battery 40. Thus, it may be anode and the layer of lithium phosphorus oxynitride.

desired to include the IJ3N layer 50 as a protective The improvement as defined in claim 3 wherein the

measure during the battery fabrication process, rather
thickness of the layer of lithium nitride of the protective

than a means to enhance battery performance. A film
10 fUm ^l

bctwecn *bout 0 05 and OA jun.

thickness of the layer 50 of between about 0.05 and 0 1 .
unprovcmcnt ** dcflncd m c,aim 4 wherein the

fim is satisfactory for the purpose served by the layer
Sickness of the layer of lithium phosphorus oxynitride

50
J of the protective film is between about 0.1 and 0.5 Jim.

During the formation of the battery 20, the second
15 t^HS^ """^ e°mpM°*

layer 52 of the protective thin film 48 can be deposited a lithium anode-
upon the first layer 50 by either rf magnetron sputtering an electrolyte disposed between the cathode and theof L13PO4 m the presence of pure nitrogen (N2) or by lithium anode- and
rapid electron beam evaporation of U3PO4 in the pres- a layer of lithium phosphorus oxynitride overlying
ence of pure N2 . By way of example, the layer 52 may 20 and coating the lithium anode so that the lithium
possess a film thickness of between about 0.1 and 0.5 anode is prevented from contacting the electrolyte

by the lithium phosphorus oxynitride layer.
The aforedescribed protective films 28 (FIG. 1) and 7. The structure as defined in claim 6 wherein the

48 (FIG. 2) are advantageous in that each film protects thickness of the layer of lithium phosphorus oxynitride
the corresponding anode 22 or 42 from direct contact 25 of the protective film is between about 0. 1 and 0.5 u-m.
with the electrolyte 26 or 46. By preventing such direct *• The improvement as defined in claim 6 wherein the
contact, the likelihood of a film barrier-forming chemi- protective film further includes a layer of lithium nitride

cal reaction is significantly reduced, and the formation (L13N) disposed between the surface of the lithium

of dendritic growth of Li or the passivating "dead" Li anode and the layer of lithium phosphorus oxynitride.

upon the anode due to the cycling of the battery is
30 ?' Tne approvement as defined in claim 6 wherein the

significantly reduced. Moreover, by reducing the likeli-
thickness of the layer of lithium nitride of the protective

hood of the formation of a reaction-spawned film bar-
™ni is between about 0 05 Md 01 P™-

rier (which is resistive in nature), the longer the battery ™ C ?™ct
,

ure 85
*f
fm

.

ed claim 9 wherein the

will be capable of supplying the desired current at the « ^2™*" °f tllC la*er ?fJ
lthlum Phosphorus oxynitride

rated voltage. Still further, by preventing the dendrite
35

J" * ° ' ?'
5^

tactors 40 lithium phosphorus oxynitride over and coating the
Yet still further, the aforedescribed films 28 and 48 do lithium anode prior to the positioning of the lithium

not appreciably effect the performance of the batteries anode and electrolyte material adjacent one an-m an adverse manner. This fact has been supported by other so that when the lithium anode and electro-
tests involving a 0.25 jim thick coating of lithium phos- lyte material are positioned adjacent one another in
phorus oxynitride over the lithium anode in a lithium 45 the resultant battery, the lithium phosphorous oxy-
cell of 2.5 V. During such tests, this test battery sus- nitride is interposed between the lithium anode and
tained a current density of 10 mA/cm2 with only a 5% the electrolyte.

drop in voltage at a temperature of 25° C. due to the The improvement as defined in claim 11 wherein
protective coating. These test results were based upon a tne depositing step effects the formation of a lithium

measured electrolyte resistivity at 25* C. of 5 X105 ohm- 50 Phosphorus oxynitride film having a thickness of be-
cm. tween about 0.1 and 0.5 u,m.

It will be understood that numerous modifications 13
'
The imProyement as defined in claim 11 wherein

and substitutions can be had to the aforedescribed em-
the step of depositing a film of lithium phosphorus oxy-

bodiments without departing from the spirit of the in-
m

!
nde ,s Prccedcd °y a step of depositing a film of

vention. Accordingly, the aforedescribed embodiment
55 llthlum mtride (L*N) over so as to coat the lithium

is intended for the purpose of illustration and not as
50 tha*^ «ibsequent step of depositing the film

limitation
of lltmum phosphorus oxynitride coats the Li3N with

I ciamr the lithium phosphorus oxynitride film.

1. In a battery including a cathode, a lithium anode, „ fiSEaX ffl£!!m 5 IT! ""t"™
and an electrolyte interposed between the cathode and " ^S^ST^^.'lS^StSZ
anode, the improvement comprising: about 0.05 and 0. 1 urn

oetween

a protective film including a layer of lithium phos- 15 . The improvement as defined in claim 14 wherein
phorus oxynitride overlying and coating the lith- the step of depositing a film of lithium phosphorus oxy-
uim anode so that the lithium anode is separated 65 nitride effects the formation of the lithium phosphorus
from the electrolyte by the lithium phosphorus film of between about 0.1 and 0.5 urn.
oxynitride layer. • • • « »

_6311766/tt_L»
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There are provided glass-ceramics having a high lithium ion

conductivity which include in mol %

PA

MjO, (where M is Al or G»)

*8-40%

25-^5%

5-15*

10-20%

and contain Li^Al. Ga^lV-j^PO*), (whereX is 0 to 0.8)

as a main crystal phases. There are also provided glass-

ceramics having a high lithium ion conductivity which

include in mol %

Pao,
SiO,

MjO, (where M is Al or Oa)

26-40%
0.5-12%
30-45%
5-10%
10-18%

I contain UlHhX+1Mx'IVJrSiiP3_1012 (where 0<X^0.4

1 0<Y^0.6) as a main crystal phase.

8 Claims, 1 Drawing Sheet
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LITHIUM ION CONDUCTIVE GLASS-
CERAMICS

BACKGROUND OFTHE INVENTION

This invention relates to a lithium ion conductive glass-

ceramics suitable for use as all solid electric cell, sensors and
electrochemical devices of various types.

Recent development in electronics has brought about
high-performance electronic devices of a compact and light-

weight design and. as a power source of such electronic

devices, development of an electric cell of a high energy
density and a long life is strongly desired for.

Lithium has the highest oxidation-reduction potential of

Li/Li* of all metal elements and has the smallest mass per 1

mol and. therefore, lithium cell can provide a higher energy
density than other types of cells. Moreover, if a lithium ion

conductive solid electrolyte is used, this electrolyte can be
made very thin and, therefore, a cell of a thin film can be
formed and increase in energy density per unit volume can
thereby be realized.

A lithium ion cell which has been realized to date uses an
organic electrolyte solution as its electrolyte and this makes
it difficult to achieve a cell of a compact design such as a thin
film design. This lithium ion cell has additional disadvan-

tages mat it has likelihood of leakage of electrolyte solution

and likelihood of spontaneous combustion. If this lithium
ion cell is replaced by a cell employing an inorganic solid

electrolyte, a wholly solid cell of a high reliability will be
realized. For this reason, studies and developments of a solid

electrolyte having a high conductivity have been vigorously
made for realizing a wholly solid lithium celL Among
known solid electrolyes, Li>N single crystal (Applied Phys-
ics letter, 30(1977) 621-22) and Lfl-LiaS-PjSs, L£[-IJ2S-

SiS4 and Lfl-LijS-BA glasses (Mat Res. Bull, 18(1983)
189) have high conductivity of KT^S/cm or over. These
materials, however, have the disadvantages that preparation

and handling of these materials are difficult and that decom-
position voltage of these materials is so low that, when they
are used for a cell, a sufficiently high terminal voltage cannot
be obtained.

An oxide lithium solid electrolyte does not have the above
described disadvantages and has a decomposition voltage
which is higher than 3V and. therefore, it has possibility of
usage as a wholly solid lithium cell if it exhibits a high
conductivity at room temperature. It is known in the art that

conductivity in an oxide glass can be increasedby increasing

lithium ion concentration. However, there is limitation in

increase in the lithium ion concentration even if rapid
quenching is employed for glass formation and conductivity

of this glass at room temperature is below lO^S/cm at the
highest. An oxide ceramic having the highest conductivity at

room temperature is Li^yAlyll^^PO^. When X is 03,
the conductivity thereof is 7xlO~*S/cm at room temperature
(J. Electrochem. Soc., 137 (1990) 1023). Oxide ceramics are

superior in conductivity to glasses but have the disadvan-

tages that they require a troublesome process for manufac-
turing and mat they are difficult to form, particularly to a thin

film

In short, the prior art lithium ion solid electrolytes have
the problems that they are either low in conductivity, hard to

handle, hard to form to a compact design such as a thin film.

It is. therefore, an object of the invention to provide
glass-ceramics which have solved these problems and
exhibit a very high lithium ion conductivity in the order of
10~3S/cm at room temperature.

SUMMARY OF THE INVENTION

As described above, lA 1^.xM^ri2-x(f04)3 ceramics
exhibit conductivity of 10~~*S/cm or over at room tempera-

10

IS

20

35

40

45

ture. These ceramics, however, have pores and a bad grain

boundary which can not be eliminated completely and
existence of these pores and grain boundary results in a
decrease in conductivity. If, therefore, glass-ceramics
including the above crystal are provided, there will be no
pores and the grain boundary will be improved and, as a
result, a solid electrolyte having a higher conductivity is

expected to be provided. Besides, glass-ceramics which
share a feature of glass can be easily formed into various
shapes including a thin film by utilizing this feature of glass.

For these reasons, glass-ceramics are considered to have
practical advantages over ceramics made by sintering.

As a result of studies and experiments made by the

inventor of the present invention on the basis of the above
described basic concept, the inventor has succeeded in

obtaining glass-ceramics having a very high lithium ion

conductivity in the order of 10" S/cm at room temperature
by producing glasses including the ingredients of the above
described crystal and causing the crystal phase to grow from
these glasses by beat treating these glasses.

A lithium ion conductive glass-ceramics achieving the

above object of the invention comprise in mol %

25

P2Q»
TiOa
MjO, (where M is Al or Ga)

*<hP

25-45%
5-15%
10-20%

and contains Lil+x(Al Ga)jrH2_*<P04)3 (where X is 0 to

0.8) as a main crystal phase,

ao In one aspect of the invention, said glass-ceramics com-
prise in mol %

p2o5 38-40%
TK>2 30-45%

5-15%
LijO 10-16%.

In another aspect of the invention, said glass-ceramics

comprise in mol %

p2o9 38-40%
25-45%
5-12%

LijO 10-20%.
10-20%

50

The inventor of the present invention has further suc-

ceeded in obtaining glass-ceramics having the high lithium

ion conductivity in the order of 1CT^S/cm at room tempera-

ture by producing glasses including ingredients of P205,

SiOj, TiO* M2Oa (where M is Al or Ga) and Li20 and
causing a crystal phase of a conductive crystal Lii_x+
iMxTi2_xSiyP3_y012 to grow from the glasses by hear

55 treating these glasses.

Therefore, in another aspect of the invention, here is

provided a lithium ion conductive glass-ceramics compris-

ing in mol %

60 pao9

T1O2
MjO, (where M is AJ or Ga)
Li,0

26-40%
0.5-12%
30-45%
5-10%
10-18%

65

and containing la yM^Ti^jrSiyPj.yOjj (where
OcX^0.4 and OcY^0.6) as a main crystal phase.

INSDOCID: <US 5702995A1J_>
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In another aspect of the invention, said glass-ceramics In the case of a system including Ga203,

comprise in mol %

p2o, 26-40%
SiOj 0.5-12%
TiQ, 32-45%

AfeO, 5-10%
LizO 10-18%.

Id another aspect of the invention, said glass-ceramics

comprise in mol %

26-40%
SiOj 0.5-12%
TiO, 32-45%
G^O, 5-10%

10-18%.

P20, 38-40%
TiOa 25-45%
CtaaO, 5-12%
LiaO 10-20%

In the case of a system including both A1203 and Ga203,

10

P2Q» 38-40%
TxOj 25-45%
AljO^ OajO, 5-15%
LiaO 10-20%

15

It has been found that a glass forming region exists

beyond the above described composition ranges but after a
heat treatment, an electrolyte having a high conductivity
could not be obtained from such composition range outside

Adding to *e ^vcntio^e axe provide* Uthunn ion -t^T^St^^^^£Z
conductive glass-ceramics which exhibit a very high con- invention have been determined on the basis ofthese experi-
ductivity in the order of 10 3S/cm at room temperature. In ments.
addition to having the high conductivity, the glass-ceramics in this system, a part of Al or Ga ingredient may be
made according to the invention have such an excellent 25 replaced by one ofsuch trivalent metal elements as B, In, Sc,

formability mat they can be easily formed into various Fe and Cr, In this case, however, the amount of Al or Ga
shapes including a thin film, and they are thermally and replaced by such metal element should not exceed 5%. If the

chemically stable so that they are suitable for use as elec-
°f*c clcmcnt 5% conduc-

. JL . ... „ . . . tmty will drop significantly,
trolytes of wholly solid cells, sensors and other various / . .

0 * . . . .

electtochemical devices. 30 A method^ for^man^urmg the conductive glass-
ucvxcc*.

ceramics of the P20s
-,nO2-(Al203, Ga^O^-L^O system

will now be described.
DETAILED DESCK^ON OF THE

Starting niaterials are weighed at a predetermined ratio
INVENTION and mixed uniformly and the mixed materials are thereafter

w m _ 35 put in a platinum crucible and heated and melted in an^e compositions of the glass^eramics made according
electric furnace. First, gas components comingfrom the raw

to the invention are expressed on the basis of compositions materials are evaporated at 700° C. and then the temperature
of oxides as in their base glasses. The above described is raised to 1400° C. to 1450° C. and the materials are melted
content ranges of the respective ingredients have been at this teniperature for about one to two hours. Then the melt
selected for the reasons stated below. ^ is cast onto a stainless steel plate to form a sheet glass. The

In the ternary system P2OrT,02-U2a glass forming ^^Jj^ frj^o*^t^^l?^ ^
region exists in a very narrow range and the composition T^^^^ C

>

1000 C
.

for 10 to
.

72

identical with that ofUWUftW does^ot form *FVZf ^"*«*™ glass^eramxcs contaimng

glass when X is 0 (BulfetiTof tt? Chentical Society of ^f^^2"^^ 85 *^ ***** Wm
Japan, 51(1978) 2559). In the P2<VR02-<A1203, Ga203>

45
A ,JJT^™# . ... # fc ... ^ .

UJD system including AL03 or Ga-oTa gUss faming A
A ^cat treatment at a hrgfrer temperature within the above

wlr^t^^^Z^^^jm^k^t~ described temperature range will be desirable if micro
range has not been reportedI yet^Neither ^been reported m notp^d^ a heat0^^^ * a higher
any glass-ceramic which has been prepared from such temperature wfll reduce the heat treating time. Generally
systems for chaining a high lithium ion conductivity. ^ speaking, a heat treatmentformed at a temperature which

The inventor of the present invention has examined the is hi«her aDOUt 300° C. than a crystallization temperature

glass forming range of the P20s-Ti02-(A1203, G 2̂03y-U20 of ^s^ 10051 effective because it will provide the

system by employing a conventional glass melting method *ififeest conductivity.

and obtained lithium ion solid electrolytes of a high con- .
111 mc casc of mc glass-ceramics according to the inven-

ductivity which can be glassified within the following com- 55 don madc of mc P20s-Si02-TI02-<Al^O^ G^Oy)-lA20
position ranges (expressed in mol %) and can grow, as a

system the a»*>ve described composition ranges have been

result of heat treatment, Li^Al, GafcTWFOA as a L^stt^
main crvstal ohase

glass-ceramics contauung IJ1.^yMjrTi2_jrSiyP3_yO l 2mam crystal pnase.
(where 0OC^0.4, (XY^0.6) as a main crystal phase and

In the case of the system including A1203, so exhibiting a high lithium ion conductivity at room tempera-
ture were obtained by heat treating glasses of the same————————————— composition ranges. It has been found that the same crystal

30^45%
caa VttcipteteA even in a composition range outside of

AJaOa 5-15% mc abovc described composition ranges but this crystal does

l^o 10-16%. 65 not constitute a main crystal phase of a glass-ceramic
————————————————————_ produced and conductivity of this glass-ceramic is not

sufficiently high.

^SPOCID; *WS 670C005A1_.l_r
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In this system, Si02 is a very important ingredient. By

adding SiO^ the glass forming range is broadened and,

moreover, meltingproperty and thermal stability of the glass

are improved and an excellent conductivity in the order of

10~3S/cm can be obtained.

A part of Al or Ga may be replaced by one of such

trivalent metal elements such as B, In. Sc, Fe and Cr or one

of such divalent metal elements as Mg and Zn. Likewise, a

part of Ti may be replaced by Zr and a part of Si may be

replaced by Ge. In these cases, however, the amount of Al,

Ga. Ti or Si replaced by such metal element should not

exceed 5%. If the amount of the replaced metal element

exceeds 59b. conductivity will drop significantly.

For improving the melting property of the glass, As^Oa,

Sb203 , T^O,, CdO or PbO may be added. The amount of

such ingredient however should not exceed 3%. If the

amount of such ingredient exceeds 3%, conductivity of the

glass-ceramic will decrease as the amount of addition of the

ingredient increases.

A method for manufacturing the conductive glass-

ceramics of the P203-Si02-T!02-<A1203, Ga^H-i^O sys-

tem will now be described.

Starting matwfai* are weighed at a predetermined ratio

and mixed uniformly and the mixed materials are thereafter

put in a platinum crucible and heated and melted in an

electric furnace. First, gas components coming from the raw
materials are evaporated at 700° C. and then the temperature

is raised to 1400°C to 1500°C and the materials are melted

at this temperature for about one to two hours. Then the melt

is cast onto stainless steel plate to form a sheet glass. The
glass thus produced is thereafter subjected to heat treatment

by heating it under a temperature ranging from 680° C. to

800° C for about twelve hours and subsequently heating it

under a temperature which is higher by 200° C to 350° C
for about twenty-four hours and glass-ceramics containing

Li1+x+jMxTi2_JrSi»P3„r012 as a main crystal phase and

having a high lithium ion conductivity is produced.

This two-step heat treatment method is applicable also to

the production of the glass-ceramics of the P205-H02
-

(A1203, Ga203)-Li20 system. Conversely, the glass-

ceramics of the P205-Si02-Ti02-<A1203, Qa^O^-lA^O sys-

tem can be produced by employing the one step heat

treatment method described above with respect to the glass-

i of the PaOs-raMAlaOa, Gz^O^UJO system.

polished on both surfaces and subjected to heat treatment

under various heat conditions. The crystal phase which

precipitated in the specimens was determined by the powder

X-ray diffraction method. As a result, it was found that the

5 precipitated crystal phase under all heat conditions was
Ui+jA^T^xCPO^a- Electrical conductivity of the glass-

ceramic was measured within a range from 10~2-3xlCT7 Hz
by the complex impedance. Resistance of the specimens
(gum of grain resistance and grain boundary resistance) was

10 determined from the Cole-Cole Plot and the conductivity

was calculated by the equation c*=<t/AXl/R) (where a is

conductivity, t is thickness of the specimen, A is electrode

area and R is resistance of the specimen). As a result, the

specimen which was heat treated at 1000° C fox 12 hours

15 exhibited the highest conductivity of 1Jxl0""
3S/Cm at room

temperature (Table 1, Example No. 1).

Example 2

As the starting materials, NritH2P04, H02, Al(OH)3,

Ga203 and Li2C03 were used to produce a glass-ceramic by

employing the same manner as in Example 1. The crystal

phase which grew in specimens of this glass-ceramic was
determined to beU1+X(AL Ga)3rTi2_^(P04)3. The specimen

which was heat treated at 950° C for 12 hours exhibited the

highest conductivity of 1.0x1
0~3S/cm (Table 1, Example

No. 2).

TABLE 1

20

30

35

40

45

Examples

Examples of the glass-ceramics made according to the

invention will now be described. It should be noted mat

these examples are illustrative only and the scope of the

invention in no way is restricted by these examples.

Example 1

As starting materials, NHiH2P04, T102, AlCOH^ and

Li 2C03 were used. These starting materials were weighed to

constitute a composition of 39P2Oj-8.5^03
-3cmO2

-

13J)Ii20 in mol %. The materials were mixed uniformly

and then put in a platinum crucible and heated and melted in

an electric furnace. First, C02, NH3 and H20 coming from

the raw materials were evaporated at 700° C Then the

temperature was raised to 1450° C. and the materials were

melted by heating them at this temperature for 1.5 hour.

Thereafter, the melt was cast onto a stainless steel plate to

form a uniform sheet glass. The glass was annealed at 550°

C. for two hours for removing thermal stress of the glass.

The glass thus produced was cut into specimens each

having the size of 20x20 mm. The specimens of glass were

55

60

{gcnjBggitjBB, ia mot 2fe)

No.

P205 39 39

TiOj 39 38

AIA 8.5 6.5

2.5

UaQ 13.5 14
lJDx 10**

teBapgifnr (S/cxn)

BMQpCKtPW of 1000 950
heat treatment (°C.)

tunc of 12 12

teat treatment (Hr)

Example 3

As starting materials, NH4H2PO4, Si02, HO* AKOHX*
and Li2C03 were used. These starting materials were

50 weighed to constitute a composition of 32P2CV8Si02
-

4m02-5Al203-14Li20 in mol %. The materials were
mixed uniformly and then put in a platinum crucible and
heated and melted in an electrical furnace. First, C02, NH3

and H20 coming from the raw materials were evaporated at

700° C. Then the temperature was raised to 1450°C and the

materials were melted by heating them at mis temperature

for 1.5 hour. Thereafter, the melt was cast onto a stainless

steel plate to form a uniform sheet glass. The glass was
annealed at 550° C. for two hours for removing thermal

stress of the glass.

The glass thus produced was cut into specimens each

having die size of 20x20 mm. The specimens of glass were

polished on both surfaces and subjected to heat treatment at

a temperature of 800° C. for 12 hours and then at 1000° C
65 for 24 hours to produce a dense glass-ceramic The crystal

phase precipitated in the specimens was determined by the

powder X-ray diffraction to beU 1+x+,Al;rTi2^rSi>P3_101^

3NSDOCID: <US 5702995A1_I_>
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The glass-ceramic exhibited a very high conductivity of
1.5xl(r3S/cm at room temperature (Table 2, Example No.
3).

BRIEF DESCRIPTION OFTHE DRAWING
FIG. 1 shows an X-ray diffraction pattern of the glass-

ceramic of Example 3.

Examples 4-3

Specimens of glass-ceramics were prepared in a manner
similar to Example 3. The compositions and conductivities
of these specimens as well as the composition and conduc-
tivity of Example 1 are shown in the following Tables 2 and
3.

TABLE 2

in mot %>

8
2. Glass-ceramics as defined in claim 1 wherein said

glass-ceramics comprise in mol %:

P*o9
TO*
HA (where M » AJ or Ga)
LiO,

38-40%
35-45%
5-15%
10-16%.

10

15

3. Glass-ceramics as defined in claim 1 wherein said
glass-ceramics comprise in mol %

P2Os
TiO, 25-45%

5-12%
10-20%.

No. 3 4 5
20

PA 32 33.5 30
SiO, 8 6 10
TiO, 41 42 40
A1A 5 5 5
OmjO, 25

14 13.5 15
conductivity 1.5 x lcr3 1.0 x 10^ 1.2 x ur*
st room temper-
•tare (S/cm)

4. Lithium ion conductive glass-ceramics comprising in
mol %

PA
SrOa
TK>2
M20, (where MUAlcrOt)

26-40%
0.5-12%
30-45%
5-10%
10-18%

TABLE 3

30 and containing U1+jr+*MxTI2_xSi 1P3_y012 (where
OcX^O.4 and 0<Y^0.6) as a main crystal phase.

5. Glass-ceramics as defined in claim 4 wherein said
glass-ceramics comprise in mol %:

No. 6 7 8

p2o5 35 32 35
SK>2 4 8 4
TO, 38 41 38
AlaO, 8 5

5 3

15 14 15
1.1 x 10-* 1.2 x HT* 1.0 x HT»

st room temper-
«tm (S/cm)

35

40

P2Os

TiO,
MjO, (where M is Al or Q«)

26-40%
03-12%
32-45%
5-10%
10-18%.

6. Glass-ceramics as defined in claim 4 wherein said
glass-ceramics comprise in mol %

What is claimed is:

1. Lithium ion conductive glass-ceramics comprising in

45

mol % :

50

p2o5

TO,

26-40%
0.5-12%
32-45%
5-10%
10-18%.

P205

M2Oj (where M is Al or Ga)

38-40%
25-45%
5-15%
10-20%

55

7. Glass-ceramics as defined in claim 1 whereinM is Ga.

8. Glass-ceramics as defined in claim 2 wherein M is Ga.

and containing Li 1+*<Al, Ga^H^PO^ where (KX<0.8
as a main crystal phase.
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